The properties of acetolactate and acetoin producing systems were studied using several plant species at different growth stages. The effects of herbicide chlorsulfuron on the correlation between these systems and plant growth were investigated, and the methods for determining acetolactate formed during the enzyme assay were evaluated.
Introduction
Enzyme acetolactate synthase (ALS) catalyzes synthesis of the branched-chain amino acids valine and leucine through production of 2-acetolactate from two molecules of pyruvate, and isoleucine by production of 2-acetohydroxybutyrate from pyruvate and 2-ketobutyrate.
Studies on ALS have been conducted in bacteria, fungi and higher plants8, 13, 16, 19) , however, detailed information on ALS is available only from the work on bacterial enzyme. Three major isozymes of ALS have been identified in Escherichia coli and Salmonella typhirimurim1, 3, 6) . They were found to be inhibited by three structurally unrelated classes of herbicides, sulf onylureas, imidazolinones and triazole pyrimidines5, 9, 16, 17) . These isozymes are subject to feedback inhibition by valine. Isozymes II and IQ are subject to inhibition by sulf onylurea herbicides, whereas isozyme I is insensitive11). Although higher plant ALS has been studied since these herbicides were developed, it has not yet been purified from higher plants. The difficulty in purification is due to its extremely low content in plant tissues and its instability. Recently, however, some partial purification of plant ALS has been made from maize14) and barley4). glycerol. The homogenate was centrifuged at 12,000rpm for 20min. The enzyme was collected at 20-50% saturation with ammonium sulfate by centrifugation at 10,000rpm for 15min. After centrifugation, the pellet was dissolved in 20mM K-phosphate buffer (pH 7.5) containing 0.5mM MgCl2 and desalted on a column of Sephadex G-25 equilibrated with the same buffer.
ALS assay
The reaction mixture contained 20mM Kphosphate buffer (pH 7.0), 20mM sodium pyruvate, 0.5mM TPP, 0.5mM MgCl2, and 10uM FAD in a total volume of 0.5ml16), and was incubated at 30C for 1hr. Acetolactate was measured by the following three methods.
(1) Spectrophotometric (SP) method: The ALS activity was determined by measuring the amounts of acetoin converted by decarboxylation of acetolactate formed in the ALS assay. The measurement of acetoin was based on the Westerf eld test18) for carbinols. After 1 hour of incubation, 50ul of 6N H2SO4 was added to stop the reaction and to convert acetolactate produced into acetoin at 60C for 15 min. A color complex was formed during incubation of acetoin with creatine (0.17%) and 1-naphtol (1.7% in 0.8N NaOH) at 60C for 15 min, and the absorbance of the resultant color complex was measured at 525nm. The checks of direct acetoin formation during the enzyme assay were made using an undecarboxylated sample added with 50ul of 6N NaOH instead of 50ul of H2SO4 to the reaction mixture.
(2) Gas chromatographic (GC) After incubation, 1ml of ethyl alcohol was added to the reaction mixture and centrifugated at 2,000rpm for 5min to remove proteins. The supernatant was filtered through a membrane filter (pore size 0.22nm). Acetolactate was analyzed by HPLC on a 7.9mmX 30cm column of Shimadzu Gel SCR-101H (anion exchanger) maintained at 40C in an oven. A perchloric acid solution (pH 2.1) was used as a mobile phase. A Shimadzu LC-3A HPLC was used and acetolactate was detected at 210nm by ultraviolet detector.
Synthesis of acetolactate Acetolactate was prepared by hydrolysis of ethyl-2-acetoxy-2-methyl acetoacetate (EA-MA) by the method of Krampitz10). Five hundred mg of EAMA was dissolved in 30ml of diethyl ether, to which 50ml of 50mM NaOH solution was added, by shaking a flask under nitrogen gas flow at room temperature. The water layer was adjusted by NaOH at pH 7 and washed twice with diethyl ether. The synthesized acetolactate was used as a water solution without further purification.
Results

Chlorsulfuron inhibition test of germination and growth
The effects of chlorsulfuron on seed germination are shown in Table 1 and those on plant growth at 4 days after germination were shown in Fig. 1 . At no concentration was germination of any of the seeds inhibited by cholrsulf uron. Growth of rice 4 days after germination was inhibited by 50% at 5ppb (14nM) chlorsulfuron. However, growth of soybean and mungbean was not inhibited even by 50 ppb chlorsulfuron. Chlorsulfuron inhibition of ALS activity of soybean after germination Since growth of soybean 4 days after germination was not inhibited by chlorsulfuron (Fig. 1) , the effects of the herbicide on soybean ALS activity were tested at different growth stages. Soybean seeds were germinated in a plastic case (d5Xw15Xh10cm) and grown at 25C. The enzyme was extracted from cotyledon each day after germination. The inhibition of enzyme activity by chlorsulfuron was measured by the SP method, and results are shown in Fig. 2 . Chlorsulfuron at 10ppb did not inhibit the ALS activity of soybean seedlings 5 days after germination, but inhibited by 40% the ALS activity at 7 days after germination. High concentration (500ppb) of chlorsulfuron slightly inhibited the ALS activity at 3 days, but inhibited it by 50% at 5 days and 70% at 7 days after germination. The result that the ALS activity of soybean cotyledon at early growth stage was not inhibited by chlorsulfuron corresponded well with the chlorsulfuron insensitivity of soybean seedlings at this stage.
Change of optimum pH of soybean ALS The reason the soybean cotyledon was not affected by chlorsulfuron was assumed to be the chlorsulfuron-insensitivity of ALS in the cotyledon. Therefore, the enzyme from the cotyledon was assayed by changing pH of the reaction mixture to examine whether the ALS had another optimum pH range. The absorbances at 525nm of color complexes derived from the enzymatic product, either decarboxylated by acid or undecarboxylated, are shown in Fig. 3 . At 1 day after germination, maximum peaks of both color complexes appeared on the acidic side (pH 6) and these were reduced with the passage of time. The peak appearing at pH 6 was considered as one derived from acetoin formed during the enzyme assay, while that appearing in the range of pH 7-8 from 5 days after germination was apparently derived from acetolactate because the absorbance of undecarboxylated sample was very low. These results showed that ALS did not exist in the cotyledon at the early days after germination of soybean but appeared after 5 days. Fig. 5 . An arrow-(1) was a solvent peak (methanol), and peak-(2), peak-(3) and peak-(4) were identified as butanedione, pentanedione and heptanedione, respectively. The amounts of these diketones could be determined from the chromatographic peak area using heptanedione as an internal standard substance. Fig. 6 shows the chromatogram of the diketone derived from the enzymatic product in the ALS assay of wheat and soybean cotyledon when pyruvate was used as a substrate. The arrows in the figure indicate the peak of butanedione. A peak at the same retention time as that of butanedione appeared in the barley ALS assay without chlorsulfuron (1-a). The addition of 10 ppb chlorsulfuron decreased the peak height by 85% (1-b) and 50 ppb chlorsulfuron by 95% (1-c) . In the soybean ALS assay, no peak corresponding to butanedione was detected in any cases for ALS assay (2-a, b, c). The results that acetolactate formed during the barley ALS assay could be detected anb determined by the GC method, while no peaks were found in the soybean ALS assay indicated that acetolactate was not formed during the enzyme assay in soybean. The high absorbance at 525nm detected by the procedure of Westerf eld must have been the result of acetoin formed during the enzyme assay. Chlorsulfuron inhibition of 2-acetohydroxybutyrate formation in ALS assay ALS catalyzes both the reaction producing acetolactate from two molecules of pyruvate in biosynthesis of valine and leucine, and that producing 2-acetohydroxybutyrate (AHB) from pyruvate and 2-ketobutyrate in biosynthesis of isoleucine. Acetolactate but not AHB could be measured by the SP method. Therefore, experiments were carried out to clarify whether or not AHB can be measured by the GC method, and also whether or not AHB formation during the ALS assay is inhibited by chlorsulf uron. After incubation of the enzyme assay solution containing the same moles of pyruvate and 2-ketobutyrate as substrates. the reaction mixture was oxidized by iron salt. The resultant diketone (pentenedione) was analyzed by GC. A peak at the same retention time of pentanedione was detected, which appeared to be derived from AHB formed during the ALS assay. On the basis of the above results, the effects of chlorsulf uron on AHB formation during the ALS assay were tested. Inhibition by chlorsulf uron of AHB formation in the barley ALS assay are shown in Fig. 7 . The chlorsulf uron concentration which inhibited AHB formation by 50% (I50) was about 5 ppb. This value agreed with our prior result in which chlorsulf uron inhibited acetolactate formation in the enzyme assay of tobacco cell culture ALS12).
Determination of acetolactate formed during ALS assay by high performance liquid chromatography
In the SP and GC methods, the quantitative measurement of acetolactate was carried out after conversion into another compound. The direct measurement of acetolactate was attempted by HPLC. A chromatogram of the synthesized acetolactate solution loaded on HPLC is shown in Fig. 8-(A) . Arrows-(1) indicate solvent peaks, and arrows-(2) at 10.4 min of retention time (Rt) indicate peaks of acetolactate identified, because of their ready conversion into acetoin after decarboxylation by acid. Arrow-(3) (Rt=15.9min) show acetoin identified, because its Rt agreed with that of authentic acetoin. The peak at Rt=14min was an unknown compound formed in the synthesizing process. The chromatogram of the acetolactate solution mixed with pyruvate is shown in Fig. 8-(B) . A peak of pyruvate indicated by an arrow-(4) appeared at Rt=9.1, and acetolactate, acetoin and pyruvate could be clearly separated by HPLC.
Both the ALS assay solution of barley and soybean filtered through a membrane filter were loaded on HPLC: the elution profiles of both samples are shown in Figs. 8-(C) and 8-(D), respectively. A peak at the same Rt as that of pyruvate was detected in both ALS assay solutions, but no peaks at the same Rt as that of acetolactate could be detected.
These results revealed that HPLC could not detect acetolactate formed during the standard ALS assay. The absorbance of 80 pmoles of acetolactate in the ALS assay solution amounted to 1 at 525nm by spectrophotometric measurement, whereas when the same moles of acetolactate were loaded on HPLC, the absorbance at 210nm was 0.01. It is judged that the concentration of acetolactate detectable by HPLC is 10-20 pmoles, provided that 20ul of sample is injected into HPLC. Therefore, to detect acetolactate, a sample solution should be concentrated 5-6 fold.
Discussion
Chlorsulfuron did not inhibit germination of rice but inhibited its growth after germination. The herbicide's inhibition of wheat and barley was confirmed to be same as that of rice (data not shown). In soybean, chlorsulfuron inhibited neither germination nor growth during the 4 days after germination.
The plants thus were classified into two groups The observation that acetolactate was not detected in the soybean ALS assay solution appeared attributable to the existence of an enzyme which decomposes acetolactate formed during the assay. In order to confirm this assumption, authentic acetolactate instead of pyruvate was added to the ALS assay solution; the amounts of acetolactate, however, did not change at all compared to the control. This indicates that the formation of acetoin during the ALS assay of crude enzyme from soybean cotyledon is probably caused by the enzyme which directly catalyzes the reaction of acetoin formation from pyruvate.
Davies2) reported that ripening pea seeds contained both acetolactate and acetoin-forming enzyme and that enzyme activities varied during the seed ripening process: in fully ripened seeds, the ALS activity decreased and the acetoin-forming enzyme activity increased. In legume plants, the acetoin-forming enzyme activity precedes the ALS activity in cotyledon as is true in fully matured seeds. It is likely that the high acetoin-forming activity is involved in regulating the supply of amino acids for storage protein synthesis.
Halpern and Umbarger8) reported that two ALSs with optimum pH at 6 and 8 could be isolated from Aerobacter aerogenes, the former ALS being insensitive to valine inhibition, and not corresponding to amino acid synthesis but consuming pyruvate in overproduction. From such a viewpoint, it is likely that the acetoin-forming enzyme in legume plants consumes the excessive pyruvate accumulated in the seed and cotyledon just like microbial ALS with an optimum pH at 6. Muhitch14) isolated three ALSs from embryos in developing maize kernels using an 
